ABSTRACT
INTRODUCTION
A series of classical investigations on the study of phase transformations in Ti-Al-X systems led to a better understanding of the stability of phases. Intensive research has been done over the past two decades in order to enhance the ductility and fracture toughness at room temperature and oxidation, corrosion and creep resistance at elevated temperature in Ti-Al-X alloys.
The study of phase transformation in Ti-Al-X alloys is in Ti-Al-X alloys continues to absorb a large share of attention, as it has been a most active field of research in recent years. Despite the great success achieved in the past two decades in understanding phase trans-formations in Ti-Al-X alloys, much remains unknown and the subject is therefore fascinating as well as promising. While preparing this paper, a fundamental approach to phase transformations in Ti-Al-X alloys has been followed to develop a few central ideas of microstructural stability. Analytical discussion led us to focus on various aspects of microstructural control in Ti-Al-X alloys. Emphasis has been placed on the provision of theoretical descriptions of various phenomena. An interesting microstructural feature, which appears to be unique to Ti-Al-X alloys, is the formation of lamellar structures. Proper control of microstructures provides improvement in tensile strength and creep resistance. Fracture resistance in these alloys stems from intrinsic and extrinsic toughening mechanisms, which have been handled with the help of appropriate experimental observations. Titanium is one of those elements that develops attractive high temperature properties by suitable combination of alloying elements and proper heat treatment. Aluminium in particular is an inevitable constituent of such compositions. It imparts high strength, high temperature properties, and oxidation / corrosion properties at a low density. However, room temperature ductility remains a limitation to Ti systems. Multimetallic composition leads to variation in precipitation phenomena within either an equiax or lamellar microstructure for both wrought product and lamellar/ dendrites in as cast products.
Ordered B2-phase appears at high temperature in Ti-Al-X (X = Ta, Nb and Mo) system, which cannot be arrestable by rapid solidification processing. Massive ordering transformation on cooling from homogenization temperature has been reported in Ti-14A1-2Zr-3Sn-3Mo-0.5Si alloy, leading to substantial reduction of acicular a 2 -particles by aging. Massive transformation is observed in ΤΪ-45Α1 alloy containing Nb and Mn on quenching from 1623K. Phase transformation in Ti-48A1 (at.-%) at different oxygen content upon quenching forms α-phase, refines lamella structure by nucleation of fine a 2 platelets, in addition to massive transformation up to a limit of 1.2 (at.-%). Above this limit of oxygen chemical ordering reaction dominates massive transformation.
Creep and high temperature tensile properties in the case of nitrogen doped system of Ti-48.5Al-l.5Mo (at. 
ORDER-DISORDERED PHASE TRANSFORMATION
Studies of ordered phase (B2) formation in a Ti-Al-X (X = Ta, Nb or Mo) system using differential thermal analysis have been done 111. Ti-33Al-17Ta alloy shows B2 phase stability up to 1478K. The solid states ordering of the B2-phase from the disordered bcc phase results in anti-phase boundaries (APBs). Similarly ordered reaction to form B2-phase exists up to 1414K for Ti-25Al-25Nb alloy and up to 1691K for ΤΪ-25Α1-25Mo alloy. Microstructural instability, high oxidation and poor high temperature strength retention of Tialloys restrict their application above 873K. The a 2 -base intermetallic (Ti 3 Al) appears to be intrinsically poor in ambient temperature toughness. Precipitation strengthening in the a 2 -phase combines the advantages of both disordered and ordered structure. It produces an improvement in elevated temperature properties. Precipitate in the a 2 -phase acts as a barrier to dislocation motion above the temperatures of thermal activation of solutes and grain boundary sliding. Acicular a 2 '-particles form along α/β-phase boundaries in ΤΪ-14Α1-2Zr-3Sn-3Mo-0.5Si alloy. On cooling of the alloy below ordering transformation temperature, massive a 2 -phase transformation occurs, where lattice mismatch between the a-and the a 2 -phases is very small, with a/c value close to that of pure α-Ti. Sn and Zr strongly favour the Al and Ti sub-lattice respectively of emphases without any effects on the ordering reaction /2/. Acicular a 2 -phase formation between the α and ß-phase fields depends on the thermo mechanical history, fast ordering kinetics, capability at the phase boundaries and anisotropic diffusion of aluminium to the specific direction.
MASSIVE TRANSFORMATION
The (a -> y m ) massive transformation in TiAl alloys occurs when the alloy is cooled from the α-phase field at a faster rate to suppress (α2+γ) lamellar microstructure formation 131. Susceptibility to undergoing massive transformation increases through the addition of Nb to binary ΤΪ-45Α1 alloy. However, the reverse mechanism has been observed on increase of Mn in the system. The tendency of massive transformation is influenced by prior grain size and nucleation rate. Shifts in the C-curve for massive as well as (α -> α+γ) lamellar transformation to shorter time have also been observed by increasing Mn content. Heterogeneous nucleation at prior α-grain boundaries and growth by short-range transfer of atoms across incoherent interface takes place in massive transformation /3/. Oxygen inhibits massive transformation in Ti-48 Al at.% when its content is above the critical value of 1. 
ELEMENTAL PROPOSITIONS IN PHASE TRANSFORMATION
The importance of titanium and vanadium compounds in the form of nitrides, carbides and carbonitrides in the Ti-V-N system has been recognized, as these compounds lead to strengthening. Based on nitrogen content, two or three phases may be present. These are given by vanadium-rich, low-nitrogen, solidsolution phase of bcc crystalline, titanium-rich a-(Ti,V)N x phase (x~0.2) of hep crystalline and an fee nitride. Volume fraction of the fee phase increases at the expense of the hep phase with increasing nitrogen content. Titanium rich fee nitride is a highly nonstoichiometric phase. Annealing at 1273 Κ changes the Table 1 . 
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CHARACTERISTICS OF LAMELLAR STRUCTURES
Refinement of lamellar spacing in a fully lamellar fine-grained titanium aluminide is highly desirable for an improvement in tensile strength and creep resistance. Equiax grain boundaries (related to poly-crystals), domain boundaries (soft mode deformation) and lamellar boundaries improve strength as per the HallPetch equation /25/. Intrinsic and extrinsic toughening mechanisms in lamellar two phase TiAl/Ti 3 Al (γ/α 2 ) alloy have been studied /26/. Intrinsic toughening arises from matrix slip and ductile phase blunting, whereas extrinsic toughening stems from crack deflection, ductile-phase bridging, shear ligament toughening, microcrack shielding. Fracture resistance of these alloys in monotonic loading stems from intact ligament bridging in the crack wake. The advancing cracks within the colony do not exhibit observable surface damage; instead, they are stopped by large lamellar twist misorientation.
Traverse cracks across boundaries originate from multiple microcrack nucleation in the new colony, the presence of bridging ligaments that subsequently rupture with accompanying plastic deformation. In the case of a stacked colony, translamellar fracture occurs by an energy intensive process. Formation of significant kink misorientation within stacks, crack splitting and finally rupture takes place by translamellar fracture. A mosaic of lamellar misorientation across colony boundaries is effective in arresting cracks by twisting, splitting and forcing an alternative high-energy fracture path to become operative in the individual colony, although deformation within an individual colony occurs readily. Yield stress, tensile elongation, fracture toughness and creep behavior in the case of directionally solidified (DS) TiAl alloys depend on lamellar orientation to loading axis and inter-lamellar spacing. A parallel orientation between lamellar and tensile direction shows a good combination of room temperature strength, ductility and toughness and creep strength.
The effect of lamellar structure on room temperature yield stress and micro-hardness of directionally solidified Ti-46Al-2W-0.5Si (at.-%) alloy has been studied where a constant volume fraction of hard A1 2 0 3 particle reinforcement has been used in the invest cast turbine blade alloy 1211. Solutionising heat-treatment of DS ingots modifies microstructure and forms regular lamellar structure, elongated B2-particles, finer 
PRECIPITATION MECHANISM AND PROPERTIES
TiNi alloy with B2-structure and nickel content above 50.5 at. -% decomposes on aging below 1073K when initial state has been as quench from a high temperature. Initial break down appears to be a mixture of TiNi and Ti 3 Ni 4 -phases from an over-saturated B2-phase. R3 space group of rhombohedra identity is referred to as Ti 3 Ni 4 -precipitate or X-phase or unclear TinNi 14 -phase. Lattice parameter of B2-structure is smaller than over-saturated TiNi phases. 3% crystal lattice mismatch leads to formation of internal stress to strengthen matrix and all round shape memory. In cases of low bulk defect density, Ti 3 Ni 4 forms at grain boundaries and adjacent regions. Aging within 673K to 1173K produces precipitation of Ti 3 Ni 4 . Increasing temperature of aging reduces defect density and affects the process of precipitation. Reaction rate constant varies with annealing temperature, although precipitation mechanism remains the same. Annealing improves yield strength of a metal containing coherent Ti 3 Ni4 precipitates. Precipitate distribution does not affect the change in properties 1361. Using transmission and analytical electron microscope (TEM/AEM) and 3D atom probe microscopy (3DAP) in Ni-Ti-Al and Ni-TiAl-X (X = Hf, Pd, Pt, Zr) alloys, studies have done on the precipitation of Ll 0 -Ni 2 TiAl phase from a supersaturated B2-TiNi matrix at 873K and 1073K /37/. Transmission electron microscopy (TEM), analytical electron microscopy (AEM) and three dimensional atom-probe (3DAP) microscopy in Ni-Ti-Al and Ni-TiAl-X (X = Hf and Zr) alloys have been used to study precipitation reaction in Heusler phase (L2|: Ni2TiAl) from a supersaturated B2 (TiNi-based) matrix at 873Κ and 1073K/38/.
Ti 2 Ni precipitates disturb or impede the growth of martensite plates as they reduce the output of transformation strain during thermo mechanical cycling. GP zones do not affect growth of martensite plates during transformation or mechanical twinning shear. Therefore, they can be deformed elastically or can obtain a large shape recovery strain 1291. High temperature creep resistance improves by interstitial additions and precipitation hardening in fully lamellar gamma TiAl. Remarkable improvements of creep resistance after reinforcement with C or (C + Si) addition and aging have been reported in the alloy system K 5 (Ti-46Al-2Cr-3Nb-0.2W). Precipitation strengthening effects of B2-particles, ζ-type silicides and Η-type carbide precipitation delineating γ/γ interfaces have been recommended for creep strengthening of K 5 SC alloys. Using detailed electron microscopy involving high resolution imaging techniques and in -situ heating studies, the creep deformation of fully lamellar K 5 (S-C) type alloys in aged conditions have been studied. Strengthening of lamellar structure stems from the presence and relative distribution of these particles. Nucleation and growth of carbides and silicide precipitates at the expense of dissolving a 2 
TWINS FORMATION IN ALLOYS OF TITANIUM
TEM investigation of 9R martensite in Ti5oPd 43 Fe7 shape memory alloy shows in four twinning modes and two types of compound twins. The former two types are considered to be lattice invariant shear in 9R martensite. The gradual and random curvature with strain contrast reveals boundary of edge-on-state A: Β type pair or irrational nature of type II twin boundary /42/. Titanium aluminide releases strain energy by shear transformation, which is triggered by dislocations at the grain boundaries. This is a different mechanism to that of twin band formation from twin nucleus /43/. Empirical three-stage stress-strain curves of Ti-Ni martensite polycrystal have been used for microstructural modifications. The first stage refersto the <011>BI9' type II twin, recognized as a lattice invariant shear, and the formation of (100) B19' compound twin, where the rearrangement and coalescence of martensite variant take place concurrently. The second and third stages refer to the deformation by slip and twinning including compound twins. A consistent explanation of the relationship between deformed martensite and reverse transformed parent phases exists for both systems /44/. Deformation mechanisms include crystallographic slip and mechanical twinning in addition to elastic deformation. These two mechanisms produce shear deformation. Twinning results in a homogeneous shear that restores lattice in a new orientation. Thus orientation relations between twinned and untwinned region and atomic movement described by crystal element control the Twinning is an important deformation mode in γ-TiAl. Alloying element and deformation temperature activate twinning. Twins impinge on grain boundaries and γ-α 2 interfaces (fully lamellar structure) as well as intersecting each other to activate multiple twinning systems provided these twins consist of nonparallel shear vectors. Based on the direction of the intersection line between barrier twin and incident twin, the two crystallographically non-equivalent types of twin intersections in an ordered tetragonal structure (Llo) of the TiAl system have been observed. Deformation has been related to the appearances of type I and type II twin intersection. Type I twin intersection appears if the Shockley partial of Burgers vector in matrix is activated. Otherwise type II intersection appears. The proportion of appearance of type I and type II has been in the ratio of 1:2. Another mechanism refers to the shear-reshuffle mechanism of type II twin intersection by straight penetration /46/.
PROPERTIES OF MARTENSITE MICROSTRUCTURE
Methods of optimizing strength and fracturetoughness performance of (α -β) titanium alloy through variations in solution treatment temperature, cooling rate and aging temperature/times are in the developing stage. A beneficial influence on fracture toughness behavior of (a -β) alloy IMI 550 (Ti-4Al-4Mo-2Sn-0.5Si) is observed on an increase in solution treatment temperature and cooling rate. Super-plastic forming (SPF) capabilities have been higher in the case of IMI 550 than Ti-6A1-4V. In order to achieve acceptable 
